I.
[NTRODUCTION Mineral oil is the lifeblood of the modern power grid. As one of the main insulating media of transformers mineral oil performs two functions: preventing electric current between conducting elements and transferring the heat generated by active parts (winding and magnetic core) to the tank wall [1] . In recent years, much effort has been devoted to effectively improving the dielectric strength and heat transfer properties of mineral oil. Great progress has been made in improving the electrical breakdown strength and heat transfer of mineral oils by using nanoparticles as the modifying agent [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The term "nanofluids" was introduced by researchers at the Argonne National Laboratory and refers to a two-phase mixture containing a liquid phase which is the host, and dispersed nanoparticles in suspension. Regarding the research on the electrical properties of nanofluids, several publications have shown an increased breakdown strength of oil by introducing magnetite and titania nanoparticles [13] [14] [15] [16] [17] . To explain the mechanism behind the enhanced breakdown strength of nanofluids, recent studies introduced a model which assumes that conductive nanoparticles can reduce the speed of positive streamer propagation in mineral oil due to electron trapping at the particles surface [18] [19] [20] . 0' Sullivan et al. suggested that the charge relaxation time constant of the nanoparticle may have a major bearing on the extent to which the electrodynamics process in the liquid are modified [18] . [f 978-1-4799-2063-1 $31.00 ©2014 IEEE
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University of Southampton Southampton, United Kingdom the nanoparticles' relaxation time constant is short relative to the timescales of interest for streamer growth, their presence in the oil may significantly modify the electrodynamics. On the other hand, if the nanoparticles' relaxation time constant is long, relative to the timescales involved in streamer growth, their presence will have little effect upon the electrodynamics. The charge relaxation constant can be calculated by the relative permittivities and conductivities of the host fluid and nanoparticles.
In this study, a special partial discharge measurement setup was built to verify the hypothesis mentioned above. This time resolved partial discharge measurement can be used to record the discharge dynamics. The goal of this study is to investigate the effect of nanoparticles with different conductivities on the discharge dynamics of mineral oil under DC voltage.
A. Materials
II.

SAMPLES
The base fluid in this study is Shell Oiala S3ZX[G mineral oil, which is widely used in HV transformers and generators. The nano-fillers in this study are silica and fullerene nanoparticles. The silica nanoparticles were purchased from Sigma-Aldrich. The average particles size is 15 nm according to the data sheet. The fullerene C60 nanoparticles were purchased from SES research, USA. The molecular size of fullerene C60 is 6.83 A and agglomeration size in dispersion is around 70 nm. The reason for choosing these two types of nanoparticles is that the conductivities of silica and fullerene are different. Table [ shows the conductivities, relative permittivities and the charge relaxation time of silica and fullerene nanoparticles in mineral oil. The relative permittivities of silica and fullerene are similar according to the data sheet. The difference of the charge relaxation time constant between the two types of nanoparticles is mainly caused by the different conductivities. [t can be seen that the charge relaxation time constant for fullerene is much shorter than that for silica. The particles in all nanofluids samples were dispersed by means of ultrasonication. First, the nanoparticles were weighed under a fume-hood. Second, the nanoparticles were mixed with mineral oil with a magnetic stirrer for 30 minutes. The last step was breaking the clusters in the nanoparticle mineral oil mixture with an ultrasonic bath for 2 hours. The mass fraction for both silica and fullerene nanofluids is 0.01%.
III. PARTIAL DISCHARGE MEASUREMENTS
A. Measurement Set-up To record the "true" discharge current, as little as possible affected by the external circuit, a time-resolved experimental set-up was designed with the proper attention for minimizing inductances. The basic circuit of partial discharge measurement for this study is shown in Fig.l . Measuring discharges is based on the measurement of a charge displacement that causes a current in the leads to a sample. This is performed by placing an impedance Z in the circuit. In this way the external charge displacement is measured. In the basic circuit, the coupling capacitor K provides a closed circuit for the discharge current. Fig.2 shows the experimental set-up for time-resolved partial discharge measurement. Capacitor F is connected with the high voltage DC source in parallel to short circuit high voltage noise from the 40 kV DC source. The resistor R is connected with the high voltage DC source and test electrode in series. The electrode is connected in series with impedance Z. The current shape of the partial discharge is displayed on an oscilloscope. Fig.3 shows a detailed view of the need-plane electrode configuration. The radius of curvature of the needle tip is 1 /lm. The plane electrode consists of a 28 mm diameter measuring electrode and a concentric 180 mm diameter guard electrode. The gap distance is 20 mm. The needle electrode holder and guard electrode act as coupling capacitor K. The guard electrode is connected to the ground. The measuring electrode is connected with measuring impedance Z. Impedance Z consists of six resistors of 300 Ohm in parallel to achieve 50 Ohm measuring impedance. This is shown on the back side of the plane electrode. The discharge signal is fed via a 50 Ohm transmission line to the oscilloscope. For the partial discharge measurements, five samples were prepared for each nanotluid. For each sample, 10 tests were performed.
The quantities which are used for comparing the partial discharge phenomena for mineral oil, 0.01% silica and fullerene nanofluids are: inception voltage, wave shape, discharge magnitude and partial discharge voltage amplitude
I) Inception voltage
The voltage rise is controlled by hand, with a rate of rise around I kV Is. The results of the measurements of the partial discharge inception voltage of mineral, 0.0 I % silica and fullerene nanofluids are shown in FigA. The blue color represents mineral oil, red represents the silica nanofluid and yellow represents the fullerene nanofluid. It can be seen that the inception voltage of silica nanofluid is about 20% higher than that of mineral oil, while the difference of the inception voltage of the fullerene nanofluid is about 10% higher than that of mineral oil.
2) Discharge magnitude
The discharge magnitude is calculated by integrating the time duration and current amplitude of all the discharge pulses in one partial discharge sequence. The results of the discharge magnitude of mineral oil, silica and fullerene nanofluids were analyzed with Weibull software. Fig.5 . shows the 2-parameter Weibull distribution of the discharge magnitude of the three fluids. Blue circles represent the discharge magnitude for mineral oil. Red triangles show the value for silica nanofluids. Yellow squares represent the value for fullerene nanofluid. The discharge magnitude of mineral oil decreased more than half by introducing 0.0 I % silica nanoparticles. The reduction due to fullerene nanoparticles is also significant, but smaller than for silica nanoparticles. Table II shows the mean value and 62.3% value of discharge magnitude for the three fluids. The reductions of the mean discharge magnitude of mineral oil are 60% by introducing silica nanoparticles and 36% by introducing fullerene nanoparticles. 
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3) Partial discharge voltage amplitude
The difference of discharge magnitudes of the three liquid can be due to the numbers of pulses occurred in one partial discharge sequence or the voltage amplitude of the pulses. So it is important to investigate the difference of a single discharge pulse of the three liquids. The partial discharge voltage amplitudes of a single pulse in mineral oil, silica and fullerene nanofluids are compared. The voltage amplitude represents the peak voltage value of a single partial discharge pulse. The 3-parameter Weibull distribution of the voltage amplitude is shown in Fig. 6 . For a clear view, only the data before adding the location parameter is shown in Fig.6 . It can be seen that the voltage amplitude for silica is smaller than that for mineral oil. The voltage amplitudes for fullerene and mineral oil are similar. Table III 
IV. DISCUSSION
It was mentioned in the introduction that recent studies suggested that conductive nanoparticles can reduce the speed of positive streamer propagation in mineral oil due to electron trapping at the particle surface [18] [19] [20] . In contrast to what would be expected based upon the above assumptions, silica particles show a larger influence on the partial discharge dynamics of mineral oil than fullerene particles.
The reason for this still needs to be investigated. Because the surface of fullerene is hydrophobic and that of silica is hydrophilic, a possible explanation is that the hydrophilic surface of silica adsorbs water. This can reduce the influence of moisture content on the partial discharge dynamics of mineral oil. However, fullerene and silica are different nanoparticles, hence the results can be confirmed by comparing the partial discharge results of untreated hydrophilic silica nanofluid with surface modified hydrophobic silica nanofluid. In the next stage, this hypothesis will be tested by measuring the partial discharge dynamics in dried and degassed mineral oil and the result compared with that of undried mineral oil and 0.01 % silica nanofluid.
V.
SUMMARY
In this study, the results of partial discharge measurements in mineral oil, 0.01% silica and fullerene nanofluids are presented. The results of inception voltage, discharge magnitude, voltage amplitude the partial discharge measurements in the three fluids are compared. The results show the following:
• The inception voltage of silica nanofluid is roughly 20% higher than that of mineral oil, while the difference of the inception voltage of mineral oil and fullerene nanofluids is about 10%, with the nanofluids having higher values.
• The discharge magnitudes of silica nanofluid and fullerene nanofluids are both lower than that of mineral oil. For silica nanofluid, the reduction is 60%, and for fullerene nanofluid the reduction is 36%.
• The voltage amplitude measured in mineral oil is reduced by 16% due to the additional silica nanoparticles and 4% due to fullerene nanoparticles.
